Single crystals of gypsum were studied in a diffractometer equipped with a CCD two-dimensional detector. The microstructure of the crystal gave wide poorly shaped spots showing sometimes curved streaks around the spots, which made the integration process very difficult, yielding a low quality structure. The crystal structure and microstructure of gypsum has been studied by high-resolution synchrotron powder diffraction of a ground single crystal. The intensities in the synchrotron powder pattern can be reliably fitted although the peak shape displays anisotropic peak broadening. The Rietveld results for gypsum were aϭ6.522 91 (3) 
I. INTRODUCTION
Gypsum, CaSO 4 •2H 2 O, is a mineral of great importance since it is commonly used as a retarder in the concrete formation process. The gypsum content in Portland cements affects not only the setting time but also the strength development and volume stability of these materials ͑Taylor, 1997; Lawrence, 1998͒. Furthermore, gypsum dehydration process occurring in the Portland cement mills is worth studying ͑Riedmiller et al., 1998; De la Torre and Aranda, 2003a͒ as the different stoichiometries (CaSO 4 •2H 2 O, CaSO 4 •1/2H 2 O, CaSO 4 ) have different solubilities. Gypsum is also used in cement factories for others purposes including raw material ͑source of sulfates͒ in low-energy/low-CO 2 -emission cement manufacturing ͑Sahu and Majling, 1994͒. Some concretes exposed to sulfate environment can be altered/damaged yielding gypsum as a final reaction product ͑Gollop and Taylor, 1992͒. CaSO 4 •2H 2 O is also a byproduct from several industrial processes including gas desulfurisation ͑Laperche and Bigham, 2002͒. Additionally, gypsum is produced when calcite rocks are subjected to environments containing SO x gases.
Hence, to quantify gypsum is important for many applications and some of them are given above. This quantification can be done by using laboratory X-ray powder diffraction ͑LXRPD͒ and Rietveld methodology ͑Rietveld, 1969; McCusker et al., 1999͒ . Rietveld quantitative phase analysis ͑RQPA͒ consists of the comparison between the measured and calculated powder diffraction patterns. Good structural descriptions for every crystalline phase must be used. RQPA has been successfully applied to simple mixtures ͑Hill and Howard, 1987; Bish and Howard, 1988; Madsen et al., 2001͒. This The Rietveld methodology has also been extended to indirectly determine the amorphous content in a given crystalline sample by adding a suitable standard ͑De la Torre et al., 2001b; Suherman et al., 2002͒. The structural descriptions of gypsum have been the subject of many studies. Its structure was determined by Wooster ͑1936͒ and latter revisited by Atoji and Rundle ͑1958͒ using Neutron Powder Diffraction ͑NPD͒ data. Cole and Lancucki ͑1974͒ refined this structure ͑ICSD-2058͒ using low resolution single crystal XRD data. A subsequent single crystal neutron diffraction study was undertaken ͑Ped-ersen and Semmingsen, 1982; ICSD-27221͒ and the resulting anisotropic thermal parameters were much higher than those reported in the previous work. Finally, Schofield et al., ͑1996͒ studied the thermal expansion of gypsum by NPD data and they reported a room temperature structural description with positional atomic parameters very similar to those earlier reported but with significant differences in the thermal parameters ͑ICSD-81652͒. The thermal parameters strong correlate with the phase scale factors which can yield biased RQPA if incorrect thermal displacement parameters are used.
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The role of the thermal parameters in the RQPA has been previously discussed ͑Madsen et al., 2001͒. Gypsum crystallizes in a unique crystal structure but there are several reported structural descriptions. The aim of this work is to study the influence of the different structural descriptions for gypsum in RQPA. Because of strong differences in the reported thermal parameters, we have redetermined the atomic parameters of this compound by synchrotron X-ray powder diffraction ͑SXRPD͒ for a ground gypsum single crystal. We have also studied the influence of the type of preferred orientation correction.
II. EXPERIMENTAL A. Samples preparation
Two high quality gypsum natural single crystals were obtained from Natural History Museums of Spain ͑Madrid͒ and Italy ͑Florence͒. Polycrystalline CaSO 4 •2H 2 O was prepared by carefully grinding a piece of the Italian single crystal. The binary mixture of gypsum with ␣-Al 2 O 3 standard was prepared by weighing 50.0% of each component. Standard ␣-Al 2 O 3 was prepared from ␥-Al 2 O 3 ͑99.997% ALFA͒ as previously described ͑De la Torre and Aranda, 2003b͒. The mixture was ground in an agate mortar for 30 min in order to have good particle dispersion.
B. X-ray data collection
Single crystal data were collected in a KappaCCD diffractometer with a 90 mm CCD camera, at 29 mm distance, using Cu K␣ radiation. Several thin colorless plates of approximate dimensions (0.25ϫ0.25ϫ0.05 mm) were mounted and oriented. Several data sets were collected at room temperature from the selected pieces of the two natural large crystals. The collection range was 5.8°ϽϽ67.9°w hich corresponds to 0ϽhϽ7, 0ϽkϽ18 and Ϫ6ϽlϽ6. A SXRPD pattern of pure gypsum was collected on the BM16 diffractometer of European Synchrotron Radiation Facility, ͑ESRF, Grenoble, France͒ in Debye-Scherrer ͑trans-mission͒ configuration. The sample was loaded in a borosilicate glass capillary (ϭ1.0 mm) and rotated during data collection.
The wavelength, 0.5400 92(1) Å (ϵ22.96 keV), was selected with a double-crystal Si ͑111͒ monochromator and calibrated with Si NIST (a ϭ5.430 94 Å). The measurement range was 2°-38°͑in 2͒ (15.47Ϫ0.83 Å) and the data were normalized and summed up to 0.003°step size.
The SXRPD pattern for the standard mixture has been collected on the ID31 diffractometer of ESRF, DebyeScherrer ͑transmission͒ configuration. The mixture was loaded in a borosilicate glass capillary (ϭ2.0 mm) and rotated during data collection. The short wavelength ϭ0.400 269(1) Å (ϵ30.97 keV) was also selected with the double-crystal Si ͑111͒ monochromator. The angular range was 2.5°-30°͑in 2͒ (9.15Ϫ0.77 Å) and the data were normalized and summed up to 0.002°step size.
The Al 2 O 3 -CaSO 4 •2H 2 O mixture was also analyzed using LXRPD data. This pattern was recorded on a Siemens D5000 /2 diffractometer ͑reflection geometry͒ by using Cu K␣ 1,2 radiation ͑1.542 Å͒ with a secondary curved graphite monochromator. The diffractometer optic used was a fixed divergence slit of 2 mm, one antidivergence slit of 2 mm after the sample, followed by a system of secondary Soller slits and the reception slit of 0.2 mm. The X-ray tube operated at 40 kV and 30 mA. The mixture was loaded in a flat metacrylate holder by gently sample-front pressing and it was rotated during data collection at 15 rpm to have a better powder averaging. The 2 range was 17°-70°͑in 2͒, in 0.03°steps, counting 20 s per step.
III. RESULTS AND DISCUSSION A. The crystal structure of gypsum
We have attempted to refine the crystal structure of gypsum from the collected single crystal data. However, the resulting R values were very high ͑always larger than 8% on the R values based on F) for such a simple structure and, furthermore, the obtained temperature factors were very large likely due to the inherent disorder in the gypsum structure. To show the disorder in twin free single crystal pieces, we give two CCD exposures from two different crystals in Figure 1 . It can clearly be seen that normal well-shaped spots coexist with some other bad shaped and wide spots displaying streaks. The streaks that accompanied many spots, see Figure 1 , make the integration process unreliable and lead to inaccurate intensities. For this reason we decided not to report the low quality single crystal structures derived in these studies. However, in a powder diffraction pattern from a ground single crystal, these curved streaks coalesce in the Bragg position of the main peak as they have the same d-spacing values ͑arcs in the CCD images͒. Streaks mainly provoke a broadening of the powder diffraction peaks. So, a high resolution SXRPD study has been performed.
The SXRPD data were analyzed by the Rietveld method with GSAS suite of programs ͑Larson and Von Dreele, 1994͒. A pseudo-Voigt function ͑Thompson et al., 1987͒ was used to model peaks shape using the asymmetry correction of Finger et al. ͑1994͒. Gypsum pattern presents anisotropic line shape broadening which was taken into account with the procedure reported by Stephens ͑1999͒. Gypsum also showed strong preferred orientation in the LXRPD pattern.
GSAS includes two types of corrections for this effect, the March-Dollase algorithm ͑Dollase, 1986͒ and the sphericalharmonic correction ͑Von Dreele, 1997͒. Both corrections were used in order to compare RQPA results.
The Rietveld refinement of gypsum was carried out with the ICSD-27221 structure as starting model. The scale factor and the background were automatically fitted to the background by a linear interpolation function. Subsequently, the unit cell parameters, zero error, and the peak shape coefficients were refined. The SXRPD pattern showed a small preferred orientation effect. This was corrected by the MarchDollase ͑Dollase, 1986͒ algorithm along ͓0 1 0͔ and the refined preferred orientation coefficient was 1.060͑1͒. Finally, the atomic parameters were optimized, both positional and isotropic thermal parameters. We have soft-constrained ͑Young, 1993͒ the positions of the hydrogens by imposing O-H bond distances of 0.95͑1͒ Å and a H ... H interatomic interacting distance of 1.50͑3͒ Å to maintain a realistic angle for the water molecule. The final weighting factor for the soft-constraints was 10. Isotropic thermal parameters were freely refined but those of the H atoms were constrained to be identical.
The cell parameters converged to aϭ6.522 91(3) Å, b ϭ15.197 63 (9) ϭ2.64%, and R F ϭ1.64%. The derived structure for gypsum is given in Table I . The structure reported by Schofield et al. ͑1996͒ from NPD is also given for the sake of comparison. The SXRPD Rietveld plot is shown in Figure 2 . The inset shows the fit of high angle range of this pattern. The fit is very good, which is evidenced by the flatness of the difference curve ͑Figure 2͒ and by the low R-values obtained. We do not discuss this structure as the bond distances and angles are very similar to those early reported earlier, see Table II . The instrumental full width at half maximum ͑FWHM͒ in the operating conditions was determined by recording a pattern for Na 2 Al 2 Ca 3 F 14 , NAC ͑Courbion and Ferey, 1988͒. This compound shows the narrowest diffraction peaks with FWHM values approaching those theoretically calculated for this ultrahigh resolution diffractometer ͑Masson et al. 2001͒ . NAC yielded FWHMϭ0.006°͑2͒ at high angles and FWHM increased up to 0.010°at very low angle because of the axial divergence effect. The high-resolution SXRPD pattern for gypsum showed sample peak broadening since the diffraction peaks are much broader than those measured for NAC in the same conditions. For instance, the FWHM for ͑0 2 0͒ ͓4.07°/2͔ is 0.020°/2, which is larger than those of NAC. The sample peak broadening increases strongly with the diffraction angle. For example, the FWHM of the ͑1 7 0͒ ͓15.59°/2͔ is 0.041°/2. This large increase of the FWHM with 2 is characteristic of microstrains ͑and not of particle size effect͒. Furthermore, the gypsum peaks broadening is anisotropic (hkl dependent͒. For example, the FWHMs of the ͑1 7 0͒ and ͑2 0 Ϫ4) ͓19.18°/2͔ peaks are 0.041 and 0.066°/2, respectively. All peaks with kϭ0 are broader than those at similar 2 values and with k 0.
We corrected the anisotropic broadening with the approach reported by Stephens ͑1999͒ based on the multidimensional distribution of lattice metrics which it is implemented in GSAS as peak shape function type-4. The peak shape was fully Lorentzian and the final peak shape parameters were LXϭ0. 26(3), etaϭ0.843(3) , S 400 ϭ0.94(2), S 040 ϭ0.012(1), S 004 ϭ0.81(1), S 220 ϭ0.079(2), S 202 ϭ0.69(2), S 022 ϭ0.116(2), S 301 ϭ0.58(2), S 103 ϭ0.49(2), and S 121 ϭ0.086(2). The broadening is much larger in the ac plane than along the b axis, see the strains coefficients. Since, this compound is stoichiometric, this microstrain broadening arises from the structural imperfections which are evident as streaks in the CCD images of the single crystals.
The gypsum SXRPD pattern was fitted using the previously published structures, ICSD codes 81652, 2058, and 27221, and refining only the scale factor. The optimum values of the overall parameters were used. The R F values were 2.04%, 2.51%, and 5.68% for the three structural descriptions, respectively.
B. Quantitative phase analysis of a 50.0 wt % mixture of gypsum and ␣-Al 2 O 3
The SXRPD pattern of the 50.0 wt % mixture was analyzed using Rietveld methodology. The atomic positional parameters for ␣-Al 2 O 3 were those published by Maslen et al. ͑1993͒ with U iso ϭ0.004 Å 2 for both atoms. RQPA results for this mixture using four different structures for gypsum ͑the three previously reported within the last thirty years ͓ICSD codes 81652, 2058, and 27221͔ and that obtained in this study͒ are given in Table III . We also give the disagreement factors for each refinement and the preferred orientation correction.
We have modeled the preferred orientation effect using the March-Dollase algorithm along ͓0 1 0͔ and sphericalharmonic ͑SH͒ model with order 8. In Table III , we report the March-Dollase coefficient and the texture index when the SH correction was applied. This texture index has a value TABLE II. Bond distances for gypsum from the SXRPD data. The corresponding values from ICSD-81652 ͑NPD study͒ are also given. of 1.0 for an ideal random powder whereas ϱ would stand for a single crystal. The preferred orientation effect for gypsum when loaded in a capillary and rotated is small although non-negligible. The SXRPD Rietveld plot for the mixture is shown in Figure 3 . The influence of the chosen structure is noticeable when comparing the results given in Table III . It is evident that the structure from neutron single crystal ICSD-27221 gives a very bad RQPA undoubtedly due to the less accurate values of the temperature factors given in that work. It should be kept in mind that the gypsum powder has been obtained by carefully grinding a single crystal. So, no amorphous content is expected and the Rietveld analysis of the mixture ͑normal-ized to 100% crystalline content͒ should overestimate gypsum and underestimate ␣-Al 2 O 3 if the non-diffracting content of this material is not negligible. Based on the derived phase contents and the R F values for gypsum, it can be concluded that the structure reported by Schofield et al. ͑1996͒ and that given in this work yield the best fits and analyses.
The results for the RQPA of the LXRPD pattern of the same mixture are given in Table IV . We have carried out the analyses with the two crystal structures which gave the best results in the previous high-resolution study. Obviously, the results without correcting the preferred orientation effect are very poor. However, it is remarkable that the RQPA correcting the gypsum pattern with the March-Dollase function is also poor, see Table IV . The results are inaccurate by a relative 6% ͑absolute 3%͒, which is high for state-of-the-art analyses. Correcting the preferred orientation with the SH model gave the best fits and results. We have tested the SH correction with different orders. As the order increases, the refinements are better, i.e., R WP and R F diminish, and gypsum weight percentage get closer to the SXRPD results. However, for order-10 SH correction gypsum content decreased and the R values did not improve. Hence, for mixtures containing a large amount of gypsum, we have found that order-8 SH is the optimum correction for preferred orientation although 24 parameters must be refined. For mixtures with low content of gypsum, high order SH correction cannot be applied as there are not enough resolved peaks to optimize the required parameters. In this case March-Dollase correction along ͓010͔ must be used.
IV. CONCLUSIONS
We have studied the reported structural descriptions for gypsum. The inherent disorder in the crystals makes the structure models derived from high quality powder diffraction data ͑both synchrotron and neutron͒ better than those derived from single crystal data. A structural description from high-resolution SXRPD is reported, which is quite similar to that previously obtained from NPD. We have studied the influence of the structural description used in RQPA for a standard mixture containing gypsum. Furthermore, the type of correction for the preferred orientation effect has also been tested. For high gypsum contents, spherical-harmonic correction is encouraged whereas for low contents, MarchDollase correction should be applied.
